Therefore, our goal was to determine through performance of a clinical trial whether vitamin D supplementation is associated with reductions in symptomatic and structural progression of knee OA.
METHODS

Overview
This was a single center, randomized, placebo-controlled, double-blind, clinical trial with a planned enrollment of 144 participants with symptomatic knee OA, testing the efficacy of a 2-year vitamin D intervention strategy for knee pain and cartilage loss, measured by magnetic resonance imaging (MRI). The study was performed at Tufts Medical Center in Boston between March 2006 and June 2009 and approved by the Institutional Review Board of Tufts Medical Center. All patients provided written informed consent for participation in the trial.
Sample
We recruited patients at Tufts Medical Center and through advertisements in local newspapers, public transportation systems, and radio stations. A sequential method of screening was implemented. A telephone prescreen interview assessed knee pain and whether the respondent had a planned knee or hip surgery, was participating in another study, and or had comorbidities. Subsequent screening involved a visit that included knee radiographs and a blood test. Eligible individuals were aged 45 years or older with symptomatic knee OA, based on an affirmative response to a standardized question about long-term knee pain 14 and the presence of at least 1 osteophyte on a recent knee radiograph (equivalent to Kellgren-Lawrence [KL] grade 2 15 ). Individuals meeting these criteria fulfill American College of Rheumatology classification criteria for knee OA. 16 They also had to report at least mild pain on 1 of the weight-bearing questions posed on the Western Ontario and McMaster Universities (WOMAC) pain subscale 17 and had to have knee pain or discomfort referable to the knee joint confirmed on a physical examination.
Exclusion criteria included daily supplemental intake of vitamin D of more than 800 IU, serum calcium level of more than 10.5 mg/dL (to convert from mg/dL to mmol/L, multiply by 0.25), hypercalciuria (spot urine calcium:creatinine ratio of Ͼ0.4), use of supplements or medications with purported effects on cartilage (eg, glucosamine), intra-articular therapies within 3 months, and long-term oral corticosteroid use. Exclusionary comorbidities included lymphoma, sarcoidosis, tuberculosis, hyperparathyroidism, malabsorption disorders, glomerular filtration rate less than 30, history of inflammatory joint disease, pregnancy, and any that precluded MRI.
Participants self-identified race/ ethnicity using the US Census Bureau system.
Study Knee
We chose the knee with more severe disease based on the WOMAC pain score and radiographic grade, or, if these were identical, by randomization.
Randomization
We operated a stratified randomization system by KL grade (2, 3, 4), with 1:1 assignments permuted in blocks of 6. The randomization list was generated by the study statistician (M.L.) using SAS version 9.1 (SAS Institute Inc), and provided to the research pharmacy at Tufts Medical Center. This list was concealed from the investigative team.
Study Intervention and Dose Adjustment Protocol
We purchased cholecalciferol 2000 IU and identical placebo capsules from Tishcon Corp. The pills were made according to good manufacturing principles and subjected to quality assurance testing. The initial dose was 2000 IU daily, with subsequent adjustment in 2000-IU increments at the 4, 8, and 12 months for a target 25-hydroxyvitamin D level of between 36 and 100 ng/mL, the lower level based on the cut point in prior epidemiologic studies at which vitamin D appeared to have an effect. 12, 13 Participants were not given calcium; however, they were given advice on optimal calcium intake.
Toxicity Monitoring and Safety Procedures
Oversight was provided by a data and safety monitoring board whose members were appointed by the National Institute of Arthritis and Musculoskeletal and Skin Diseases. We obtained serum and urinary calcium levels and 25-hydroxyvitamin D levels at each visit. We performed surveillance for hypercalcemia (calcium Ն10.5 mg/dL), hypercalciuria (calcium:creatinine ratio Ͻ0.4), and hypervitaminosis D (Ͼ100 ng/mL). This permitted dose adjustment for hypercalciuria or hypervitaminosis D but mandated withdrawal for hypercalcemia.
Masking of Treatment Assignment
Labeling and dispensation of study pills was performed by the research pharmacy. Monitoring of vitamin D and calcium laboratory test results was performed by the pathology department staff, independently of the clinical team. Their reporting relationship was confined to the study statistician (M.L.), who does not work for Tufts Medical Center and who was responsible for coordinating actions triggered by abnormal results. To maintain blinding in the event that a participant required a dose adjustment, we operated a doubledummy protocol, in which the statistician (M.L.) would select a control participant to form a vitamin D-placebo pair for a simultaneous dose change.
Adherence and Concomitant Analgesic Use
We provided pill diaries to participants and performed pill counts at each visit. The use of concomitant nonsteroidal anti-inflammatory agents and analgesics was allowed and was recorded at each visit and in the daily logs.
Study Assessments
Assessments occurred at a baseline visit and at months 2, 4, 8, 12, 16, 20, and 24. The clinical assessments included a mus-VITAMIN D SUPPLEMENTATION AND KNEE PAIN culoskeletal examination, WOMAC questionnaire (pain subscale range, 0-20; 0, no pain; minimal clinically important improvement, 3.94 18 ; function subscale, 0-68; 0, no difficulty with daily activities; minimal clinically important improvement, 6.66), adverse event ascertainment, pill counts, serum calcium and 25-hydroxyvitamin D measurement, and spot urinary calcium: creatinine ratio. Physical function tests (timed 20-m walk and chair rise test) and the 36-Item Short-Form Health Survey (SF)-36 questionnaire were collected at baseline and at 12 and 24 months.
Imaging included standardized semiflexed posteroanterior knee radiographs 19 at baseline and 24 months, knee and hip dual x-ray absorptiometry (DXA; GE Lunar Prodigy Scanner), and magnetic resonance imaging (MRI) scans of the study knee at baseline, 12, and 24 months. The MRIs were obtained on a Siemens Avanta 1.5-T scanner using a transmit-receive extremity coil, according to a standardized protocol that included a footpositioning device. The sequences of relevance for bone marrow lesion assessment were sagittal, coronal, and axial intermediate-weighted fatsuppressed images with time to recovery of 2950 ms, time to echo of 31 ms, slice thickness of 3 mm, space thickness of 0.5 mm, and field of view of 140 mm. The sequences of relevance for cartilage volume assessment were 3-dimensional sagittal water excitation dual echo steady state images with time to recovery of 18.2 ms, time to echo of 5.28 ms, slice thickness of 1.3 mm, and field of view of 140 mm. Finally, sagittal and coronal intermediateweighted sequences were collected with time to recovery of 2500 ms, time to echo of 40 ms, slice thickness of 3 mm, space thickness of 0.5 mm, and field of view of 140 mm.
MRI Cartilage Analysis
We measured cartilage parameters in the tibia and femur within the index compartment of each knee, defined as the compartment with predominant pathology.
We delineated the 3-dimensional cartilage segments using ANALYZE (Biomedical Imaging Resource, Mayo Clinic) and eFilm (Merge Healthcare) and then used a customized program in MatLab (The MathWork) to compute the cartilage metrics. To optimize sensitivity to change, we registered the baseline and follow-up images and specifically evaluated cartilage loss (not gain).
The reliability of knee cartilage volume measurements using MRI has been well documented. 20 In our hands, the intra-acquisition coefficient of variations were 1.7% for medial tibial and 1.4% for medial femoral cartilage, and the interacquisition coefficient of variations were 3.9% for medial tibial and 1.3% for medial femoral cartilage, which is within the range of reproducibility documented by other investigators. 20 We also tested the segmentationresegmentation reproducibility for measurement of longitudinal cartilage volume loss on a convenience sample of 10 baseline and 2-year follow-up knee MRI pairs (20 image sets). The intraclass correlation coefficients between the first and second analyses of cartilage loss were excellent (0.96 for medial femoral and 0.93 for medial tibial).
MRI Bone Marrow Lesion Measurements
We measured manually the dimensions of each bone marrow lesion using the sagittal and coronal intermediateweighted fat-suppressed sequences according to a method we previously validated. 21 The intratester reliability (intraclass correlations [3,1 model]) 22 for this approach were 0.90 to 0.96 for volume and volume change.
Periarticular Tibial Bone Mineral Density Measurement
We performed dual x-ray absorptiometry of the knees (GE Lunar Prodigy) and defined tibial subchondral regions of interest according to a standardized protocol and calculated a medial:lateral tibial bone mineral density (BMD) ratio. 23 The reproducibility of this measurement was good (scan-rescan intraclass correlation coefficient 0.96; coefficient of variation 1.46%).
Evaluation of Radiographic Severity
We evaluated knee radiographs for global severity using the KL scale, 15 operated as follows: grade 1: doubtful joint space narrowing (JSN) and possible osteophytes; grade 2: definite JSN (Ͻ50%) and osteophytes; grade 3: moderate JSN (50%), osteophytes, sclerosis, and possible deformity of bone contour; and grade 4: severe JSN (Ͼ50%), sclerosis, and deformity of bone contour. We measured radiographic knee joint space width ( JSW) using semi-automated software 24 and static alignment according to a validated method. 25
Vitamin D Analyses
Plasma 25-hydroxyvitamin D was measured at Tufts Medical Center by liquid chromatography, tandem mass spectrometry (Waters Acquity UPLC with triple quadrupole mass spectrometer). In quality control testing, our measurements correlated at 0.994 with the National Institute of Standards and Technology (NIST) external standards. This assay's sensitivity is less than 2.0 ng/mL and interassay coefficient of variations are 6.5% to 11% for 25hydroxyvitamin D.
Statistical Analysis
Our 2 primary outcomes were the WOMAC knee pain subscale and MRI cartilage volume loss. We analyzed the WOMAC pain scores across time using mixed-effects regression models for longitudinal repeated measures, 26 after first evaluating the effect of time and correlation. 26 Likelihood ratio tests exhibited significant improvement in goodness of fit when a quadratic term for time was included in the model. Therefore, the repeated-measures model ultimately included the baseline KL grade, a quadratic time effect, treatment, and the interaction between time and treatment; the correlation within the repeated WOMAC scores was addressed by the random in-tercept. In the repeated-measures models, the effect of treatment is captured by the time-treatment interaction and likelihood ratio tests were used to test for the significance of this.
For structural end points, we analyzed the difference between baseline and follow-up using general linear models. Models were adjusted by KL score since randomization had been stratified by KL score. Multiple imputation was used to evaluate the changes from baseline to study end in clinical and structural outcomes using the MI and MIANALYZE procedures in SAS. Imputations were performed separately for each treatment group and each outcome, using the baseline and 2-year measured outcome values, KL score, sex, age, race, and baseline values of body mass index and serum vitamin D. We performed secondary subgroup analyses among those with low baseline 25-hydroxyvitamin D concentration (Յ15 ng/mL), sustained vitamin D response (25-hydroxyvitamin D level Ͼ40 ng/mL at both 12 and 24 months), normal knee alignment, and mild OA (KL grade 2).
To compare the number of adverse events across treatment groups and allowing for multiple events and clustering by participants, we used the negative binomial model, which can be formulated as a Poisson regression with a random effect for study patients. 27 All analyses were performed using SAS 9 (SAS Institute Inc). 27 Two-sided P values Ͻ.05 were considered statistically significant, and were not adjusted to account for multiple comparisons.
This study was designed to enroll 144 participants at baseline (72 per group), anticipating that 20% would dropout and 114 participants would complete the study. We estimated the potential effect of vitamin D on cartilage loss by modeling the rates of progression observed in the Framingham cohort 13 and extrapolating this to cartilage loss using equivalence data generated by Cicuttini et al. 28 This allowed us to translate radiographic measures of progression into cartilage volume loss. Thus, we expected a 201-m 3 cartilage loss per year in the placebo group (corresponding to a 5.3% reduction) and a 115-m 3 loss (3% reduction) in the vitamin D group, 13, 29 corresponding to a 43% reduction in the percent cartilage loss. In simulations with 114 participants, we obtained 80% power to detect this difference between groups in a randomeffects analysis. For change in WOMAC pain, measured on a scale from 0 to 20, we anticipated a standard deviation of 4.1. 30 With 114 participants, a difference between groups of 2.2 units on the scale (or an effect size of 0.54) is detectable with 80% power.
RESULTS
We randomized 146 participants from 274 in-person screens (FIGURE 1) , exceeding our targeted recruitment by 2 due to timing of enrollment. The group assigned to take vitamin D had slightly more severe disease, with higher scores for WOMAC pain (6.9 vs 5.8; 95% CI of difference, Ϫ0.1 to 2.2; P=.08) and WOMAC function (22.7 vs 18.5; 95% CI of difference, 0.3 to 8.1; P=.04), and less femoral cartilage volume (TABLE 1) .
Eighty-eight percent of the vitamin D group and 82% of the placebo group completed the intervention. Twentyfour participant pairs received vitamin D dose changes as follows: 18 pairs to 4000 IU/d, 4 pairs to 6000 IU/d, and 1 pair to 8000 IU/d. One participant pair received a dose reduction to 0 IU. The mean plasma 25-hydroxyvitamin D level rose in the treatment group from 22.7 to 38.5 ng/mL at 24 months (mean change, 16.1 ng/mL; 95% CI, 13.7 to 18.6) compared with 21.9 to 24.7 in the placebo group (mean change, 2.1; 95% CI, 0.5 to 3.7; PϽ.001). Overall, 61.3% of the treatment group and 8.3% of the placebo group reached the target level of 36 ng/mL by month 24 (95% CI of difference, 39.3% to 66.7%; P Ͻ.001). Based on pill counts during the time the participant was active in the study, mean adherence was 96% for the treatment group and 97% for the placebo group. FIGURE 2 ). Results were similar for the effect of treatment in the secondary models using a linear time trend (likelihood ratio 2 1 =0.2; P = .65), and with visit as a categorical factor (likelihood ratio 2 6 =4.9; P=.56 ). Similarly, there were no evident differences between groups in the secondary clinical end points ( Table 2) There was about 4% loss of cartilage volume over the 2-year period in both groups and this was consistent for the tibial and femoral segments and was similar in both groups (TABLE 3) . There was also no significant between-group difference in change in cartilage thickness, bone marrow lesion size, or radiographic JSW.
In the subset analyses for the WOMAC pain outcome, the effects were generally similar, and nonsignificant, albeit slightly larger among those with a low baseline 25-hydroxyvitamin D level (change in pain, Ϫ2.7 vs Ϫ1.0; 95% CI of difference, Ϫ5.3 to 1.9; P=.36, effect size, 0.4) and those with normal knee alignment (Ϫ1.9 vs Ϫ0.1; 95% CI of difference, Ϫ4.2 to 0.5; P=.13, effect size, 0.5). For the cartilage volume outcome, results of the subset analyses were also nonsignificant, albeit with slightly greater effects among those with low baseline vitamin D (change in cartilage volume, Ϫ170 vs Ϫ264 mm 3 ; 95% CI of difference, Ϫ59 to 246 mm 3 ; P=.35; effect size,0.5) and those who had a sustained response in Abbreviation: WOMAC, Western Ontario and McMaster Universities. a All analyses are comparing baseline vs 2 y outcomes. The results in this table were generated from mixed models on an imputed data set, adjusted for Kellgren-Lawrence score. b Knee-specific pain ranges from 0 to 20 with 0 indicating no pain and knee-specific function ranges from 0 to 68, with 0 indicating no pain with activity.
the vitamin D group level (Ϫ155 vs Ϫ225 ng/mL; 95% CI of difference, Ϫ23 to 165 ng/mL; P= .15; effect size, 0.5). There were 31 serious adverse events in the vitamin D group and 23 in the placebo group but the number of participants who experienced an event was 16 in each group. All except 1 were considered unrelated, a possibly related hip fracture. There were no episodes of hypercalcemia, and the numbers of hypercalciuria or kidney stones were comparable (6 vs 4 and 1 vs 1). The number of participants with adverse events in each group was similar (64% vs 63%). There were more endocrine (6 vs 1 par-ticipants) and musculoskeletal (41 vs 30) events in the vitamin D group. However, after accounting for clustering within participants, the differences in adverse event rates were not significant (␤ estimate, Ϫ0.12; 95% CI, Ϫ0.26 to 0.03; P =.10).
The percentage of participants reporting use of nonsteroidal antiinflammatory drugs (NSAIDs) and opioids at any visit was 54% and 6%, respectively. For each visit, the participants in the treatment group reported higher use of NSAIDs, but this reached statistical significance only at the 16month visit (40% vs 22%; 95% CI of difference, 0.02-0.34; P=.02). There were no significant differences in opioid use at any visit.
COMMENT
This study was predicated on the prominent participation of periarticular bone in OA, the known benefits of vitamin D on bone health, and epidemiologic studies that suggested that individuals with knee or hip OA and low levels of vitamin D have increased risk of structural progression. 12, 13 However, additional results from epidemiologic studies that emerged during the course of this study have been mixed demonstrating positive 31, 32 and negative associations. 33 Two studies appeared to show strong associations of bone density with the development of knee OA, 11, 31 but some of those investigators later published concerns about the possibility of such associations arising as a result of contingent confounding. 34 Therefore, together with the results of this clinical trial, the overall data suggest that vitamin D supplementation at a dose sufficient to elevate 25-hydroxyvitamin D levels to more than 36 ng/mL does not have major effects on clinical or structural outcomes in knee OA, at least in a US sample.
One concern in inferring a negative result is the possibility of type 2 error. Although our measurement precision was good, the amount of cartilage loss we observed was smaller than expected, and this may have impaired out ability to detect a difference. Also, there was a small difference in change in pain that favored the treated group (effect size,~0.2), which was of larger magnitude among those with low vitamin D levels at baseline and with normal mechanical knee alignment (effect size,~0.4). However, these effects are much smaller than the study was originally designed to detect and could be due to chance.
Other possible explanations for a negative result may be that individu- 
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als in the source population were replete in vitamin D, that the intervention was insufficient, or that participants taking placebo also took supplements. However, the levels of 25hydroxyvitamin D in our participants were similar to prior samples. 12, 13, 33 Furthermore, the mean vitamin D in the placebo group did not increase as it did in the treated group. The cut point of 36 ng/mL was based on observational studies that had shown effects above this level, 12, 13 and 60% of our participants in the treatment group achieved this target. A sensitivity analysis confined to the subset that exhibited a sustained response in vitamin D levels did not find a significant difference between groups. Thus, although there is a theoretical possibility that greater doses (or higher blood levels) of vitamin D are needed to exert a therapeutic effect, our data do not support this supposition.
Another question is whether a 2-year duration was sufficient. The original epidemiologic studies had observation periods of up to 8 years and so it is possible that small incremental benefits could take more time to accrue into a measurable outcome. Indeed, it may be informative that the observational studies with a negative result for knee OA were of shorter duration and that even in osteoporosis studies the effect of vitamin D on whole body bone loss is extremely modest. 35 We included individuals with KL grade 4 knee OA, which indicates fairly severe structural damage. This was intended to extend generalizability of our results to a stratum of the OA population who experience the greatest level of pain and health burden; however, there is also a risk of biasing results to the null through ceiling effects or if therapeutic intervention is futile in this subset. Note, however, that we did not find evidence for this in stratified analyses.
Although MRI has provided a breakthrough in evaluation of OA structural pathology, 36 the postacquisition image analysis is highly burdensome, so we confined the segmentation to the involved compartment of the knee. This eliminated an opportunity to observe changes in other locations, but the clinical relevance of changes in those locations in the absence of a signal in the involved compartment would be difficult to interpret. It is reassuring in this regard that other knee OA clinical trials that utilized whole joint cartilage measurements exhibited little gain in statistical power for total vs medial compartment cartilage volume change. 37 The optimal cartilage measurement approaches are still a topic of research and discussion, 38 with more recent work indicating that cartilage loss may be highly focal, favoring thickness and denudation measurements over total cartilage volume. 39 Furthermore, noncartilaginous pathologies, such as bone marrow lesions, appear to relate more strongly to symptomatology. However, our secondary analyses using quantitative measurements of these features did not reveal any differences between the groups. With respect to measurement of more global aspects of knee OA structural damage, we had initially proposed to use a semi-quantitative visual rating scale; however, in preliminary analyses of our data, we found that those instruments had substantially inferior sensitivity to change. Therefore, we opted for quantitative measurements of cartilage and bone marrow lesions.
In summary, the results of this trial together with recent observational data indicate that vitamin D does not have a major effect on knee OA symptoms or progression among individuals who have a 25-hydroxyvitamin D level higher than 15 ng/mL.
